ABSTRACT Bemisia tabaci (Gennadius) whiteßy populations produce economically important damage to crops by their direct feeding and also by transmitting plant viruses. Although there are several methods to reduce B. tabaci damage, most growers rely on the use of insecticides to decrease populations of this pest. Insecticides that reduce feeding of whiteßy adults may also reduce the transmission of viruses that are harmful to crop plants. However, demonstrating the feeding reduction has proved challenging. In this study, water-sensitive paper was used to determine whiteßy adult feeding, indirectly through honeydew production, when insects were placed on insecticide-treated and untreated plants. Plant treatments with two formulations of cyantraniliprole (Cyazypyr) showed a reduction in the amount of honeydew produced by B. tabaci adults equivalent to imidacloprid. The reduction in the amount of honeydew produced indicates reduced insect feeding and the possibility for a reduction in virus transmission. Plant treatments with two formulations of cyantraniliprole also resulted in higher mortality than imidacloprid.
The sweet potato whiteßy, Bemisia tabaci (Gennadius), is an economically important whiteßy pest in many countries. Whiteßies affect multiple agricultural crop groups in the Þeld and greenhouses including fruiting vegetables, Brassica, and cucurbits. This whiteßy can cause crop damage by direct feeding, by the production of honeydew that encourages sooty mold, and also by transmitting Ͼ100 plant pathogenic viruses including several species of Begomoviruses (Jones 2003) . The physiological effects on plants as well as the sooty mold and potentially the transmission of viruses could decrease by reducing feeding of whiteßies. There are several management tools that can be used to reduce whiteßy damage including host plant resistance, biological control, cultural control, and chemical control. However, little is known about the effect of these tools on the reduction in feeding of whiteßies. Researchers have used different methodologies to evaluate whiteßy feeding including the quantiÞcation of honeydew production using watersensitive paper (Blua and Toscano 1994, Yee et al. 1998) , visualizing honeydew droplets on polyethylene (Henneberry et al. 1999) , visualizing honeydew excretion with the use of bromcresol green (He et al. 2011) , or by measuring the amount of sugars produced using high performance liquid chromatography (HPLC; Yee et al. 1998 , Henneberry et al. 1999 ). More recently, Cameron et al. (2013) reported a study where ßuorescence was used to determine the feeding cessation of B. tabaci nymphs. This last technique could not be used for B. tabaci adults, as they naturally ßuoresce under UV light.
The objective of this study was to investigate whether two formulations of cyantraniliprole reduce the feeding of B. tabaci adults and compare their effect with the one for imidacloprid, which is an insecticide extensively used against B. tabaci whiteßies in many regions around the world. In these studies, watersensitive paper was used to visualize honeydew production and indirectly assess the reduction of B. tabaci feeding.
Materials and Methods
Insects. All B. tabaci adults used in the laboratory bioassays were reared at the DuPont Stine-Haskell Research Center (Newark, DE) and maintained on cotton, Gossypium hirsutum L., in a growth chamber with controlled environmental conditions (26.5ЊC, 70% relative humidity [RH] , with a photoperiod of 16:8 [L:D] h). Insects are from a susceptible laboratory strain that has been in culture for over 10 yr with no documented resistance. Adults were Ͻ2 d old at the start of the assays.
Time to Start Feeding Assay. In this study, watersensitive paper was used to determine whiteßy adult feeding, indirectly through honeydew production. This assay was designed to determine when the ma-jority of the insects have settled and started feeding to determine the data-collection points for the insecticide exposure assay. Three-tiered clip cages were developed and constructed of clear polyvinyl chloride (PVC). Each of the three sections consisted of a cylinder 13 mm in height and 20 mm in diameter. The middle section had two holes (9.3 mm in diameter) covered with 50-mesh screening (297-m opening) to reduce humidity inside the cage. The bottom of each cage was secured with a medium clamp attached to a rod between two ring stands to keep the cages level (Fig. 1) . Either a piece of black construction paper or a 52 by 38 mm piece of water-sensitive paper (Spraying Systems Co., Wheaton, IL) was placed between the middle and the bottom sections of each clip cage. Whiteßy adults were anesthetized with carbon dioxide, and one adult was transferred to the middle section of each cage using a paintbrush. An untreated cotton leaf (ϳ3-wk-old plant trimmed to one leaf) still attached to the plant was placed between the upper and middle sections of each cage. After insect inoculation, units were held in a growth chamber (28ЊC, 50% RH, with a photoperiod of 16:8 [L:D] h). At different time points (every 30 min for the Þrst 2 h and at 23 h after inoculation), a piece of water-sensitive paper was placed in each cage for 30 min. In this assay, insects were considered feeding if they produced at least three droplets of honeydew. This was to account for the possibility that a couple of spots may have been produced as a result of previous feeding (preliminary data not shown). When no water-sensitive paper was in the bottom of the cage, the piece of black construction paper was inserted to keep the insects in the middle portion of the cage. Cages with lost insects were discarded from the study. This test was repeated twice with a minimum of 11 replicates (usable cages) at each time point.
Effect of Whitefly Variable Density and Time in the Experimental Arena on Adult Feeding. This assay was designed to determine whether the number of adults per cage would affect the amount of honeydew production in the insecticide exposure assay. To determine the effect of insect density on the amount of honeydew produced by individual whiteßies, adults were anesthetized and unknown numbers were tapped into the middle section of clip cages using the same experimental setup as in section Time to Start Feeding Assay. The amount of honeydew produced at different times in the experimental arena after insect inoculation was also determined by placing watersensitive paper in the arena at different time points for 30 min: at 1.5, 3, 24, and 48 h after introducing the whiteßy adults. Any insects that ßew out of the cages at the time of evaluations were recorded and subtracted from the total number of adults for all remaining time points. At the end of the study, the number of adults inside each cage was counted. To determine the area of honeydew production, the spots on the water-sensitive paper were photographed using a Nikon camera attached to a stereomicroscope (model SMZ 1500, Nikon, NY, NY) with a polarizing Þlter under 5ϫ magniÞcation. The images were then analyzed using the Nikon NIS Elements Basic Research (ver. 3.07) software to determine the area of the honeydew spots. The total area of honeydew was divided by the number of adults in a cage for each time point. Area of honeydew is expressed as mm 2 per adult. The experiment was replicated 49 times.
Effect of Insecticides on Whitefly Feeding. To determine the effect of insecticide treatments, the adaxial surface (upper leaf surface) of cotton plants were sprayed with insecticides at the DuPont laboratory (Stine Haskell Research Center, DuPont, Newark, DE), using a moving belt sprayer, TwinJet 8002E, 30 psi, 141 feet/min. Three insecticides with two different modes of action were evaluated and compared in this experiment. Two different formulations of cyantraniliprole (Cyazypyr, DuPont Crop Protection) were compared: Benevia 10OD and Exirel 10SE. Cyantraniliprole is a novel cross-spectrum anthranilic diamide insecticide that was discovered by the Du- Means followed by the same letter are not statistically different with a TukeyÕs criterion P Ͻ 0.05. a % adults producing at least three spots of honeydew, N ϭ 23. Pont Company and has proven to be effective at controlling economically important sucking and chewing insect pests in many crops. These formulations were compared with imidacloprid (Admire Pro 4.6 SC, Bayer CropScience) a nicotinic acetylcholine receptor agonist (IRAC 2012). Imidacloprid was Þrst registered in 1994 (National Pesticide Information Center 2010) and has been widely adopted for the control of whiteßies in many crops. The three insecticides were applied at 321, 321, and 190 ppm active ingredient (A.I.) respectively. These concentrations were equivalent to the label rates: 0.15 kg (A.I.) per hectare for Benevia 10OD and Exirel 10SE (proposed label rate; products not registered in the United States yet), and 0.089 kg (A.I.) per hectare (the highest foliar label rate for whiteßies, excluding tree fruit) for Admire Pro 4.6 SC at 468 liters (124 gallons) of water per hectare. Plants were allowed to dry overnight, and the next day the three-tiered leaf cages were attached to them. Whiteßy adults were anesthetized and tapped into the middle section of the clip cage with a piece of watersensitive paper in the bottom section of the cage as in section Time to Start Feeding Assay. A leaf was placed between the upper and middle sections in each leaf cage. The initial piece of water-sensitive paper was left in each cage for the Þrst one and a half hours. After the initial time, the water-sensitive paper was placed in the cages for 30-min intervals at 1.5, 3, 24, and 48 h. When no water-sensitive paper was in the cages, a piece of black construction paper was placed in the cage to keep the insects in the middle section of the cage. Insects laying on either the water-sensitive paper or the construction paper were considered dead or moribund, and insects that escaped were considered lost and recorded as such. Insect numbers in the cage were determined at the end of the study. Live insects were calculated by subtracting dead or moribund and lost insects from the total number of insects at each time point. Water-sensitive papers were analyzed as in section Effect of Variable Whiteßy Density and Time in the Experimental Arena on Adult Feeding, and the total area of honeydew on each paper was divided by the number of live adults in a cage for each time point. Area of honeydew is expressed as mm 2 per adult. Statistical Analysis. Statistical analysis of water-sensitive paper with honeydew spots was conducted using a logistic regression with Þrth adjustments. The data are presented as percentage of water-sensitive paper with honeydew spots. Percent mortality and percent feeding data were transformed using the arcsine of the square root and analyzed using a one-way analysis of variance (Proc ϭ GLM). Statistical analyses and analyses for interactions were performed in SAS (SAS Institute 2000 Ð2004). Treatment means were separated using TukeyÕs Studentized Range Test (␣ ϭ 0.05).
Results
Time to Start Feeding Assay. The majority of B. tabaci adults (78%) had settled and started feeding by 1.5 h after introduction into the cage in the Þrst experiment with untreated plants (Table 1) . Based on these results, no sampling in subsequent tests was conducted before 1.5 h to allow insects time to settle on the plant and begin feeding.
Effect of Whitefly Variable Density and Time in the Experimental Arena on Adult Feeding.
The 49 replicates were grouped in eight density categories from 1Ð5 to 36 Ð 40 adults per cage (Table 2) . Whiteßy density did not affect the individual adult feeding. No signiÞcant differences were observed in the amount of honeydew produced by individual whiteßies, among the eight density categories (Table 2 ). There was no interaction between number of insects and time (F ϭ 0.49; df ϭ 21; P ϭ 0.97). However, time did have an effect on honeydew production by individual whiteßies (F ϭ 5.7; df ϭ 3; P ϭ 0.001) and a reduction of honeydew produced was observed at 48 h (Table 3) .
Effect of Insecticides on B. tabaci Adult Feeding. All insecticide treatments reduced B. tabaci adult feeding, as it is demonstrated by the fact that there were fewer water-sensitive papers with honeydew at 3 h after B. tabaci infestation in all insecticide treatments when compared with the untreated control (Table 4 ). Both cyantraniliprole treatments had numerically fewer cages than imidacloprid where B. tabaci adults were producing honeydew at 3, 24, and 48 h. However, the difference was only statistically signiÞcant for cyantraniliprole OD and imidacloprid at 3 h after infesta- Cyantraniliprole OD  10  186  100  100  30a  10a  0a  Cyantraniliprole SE  10  157  100  100  60ab  10a  0a  Imidacloprid  11  167  100  100  91b  55ab  18a  Untreated  11  190  100  100  100b  100b  100b Means within a column with the same letter are not statistically different with a TukeyÕs criterion P Ͻ 0.05.
tion. At 24 h after infestation only 10% of cages in the cyantraniliprole treatments presented honeydew while 55% of the imidacloprid cages had whiteßies producing honeydew. At 48 h after infestation, none of the whiteßies in cyantraniliprole treatments were producing honeydew while 18% of the imidacloprid cages presented honeydew production (Table 4 ). All insecticide treatments reduced honeydew production at all-time points (Table 5 ). There was Ͼ90% reduction in the production of honeydew in all treatments as compared with the untreated control by 3 h after infestation (Table 5 ). Both cyantraniliprole formulation treatments presented signiÞcantly higher B. tabaci mortality than imidacloprid at all-time points (Table 6 ). At 24-h post infestation, cyantraniliprole OD and cyantraniliprole SE had 75 and 63% mortality respectively while imidacloprid presented 39% mortality. At 48-h post infestation, cyantraniliprole OD and cyantraniliprole SE had 95 and 94% mortality, respectively, while imidacloprid had only 74% mortality. Both formulations of cyantraniliprole performed similarly in reducing honeydew production and causing whiteßy mortality similar to or better than imidacloprid at all-time points.
Discussion
Insecticides can reduce virus transmission in different ways, including direct mortality and reduction in feeding. In this study, B. tabaci adults feeding on plants treated with cyantraniliprole resulted in faster mortality than with imidacloprid. Whiteßy B. tabaci adults require 24 h for the acquisition and latent periods to be completed before they can start transmitting tomato yellow leaf curl virus, TYLCV (Family Geminiviridae; Genus Begomovirus; Mehta et al. 1994) . Viruliferous TYLCV whiteßies that have undergone the acquisition and latent periods can infect 20 Ð 40% of tomato plants within 50 Ð 60 min (Atzmon et al. 1998) . While some insecticides can cause quick mortality (Ͻ24 h), many take longer. Insecticides that cause quick mortality can reduce virus transmission. However, if the surviving insects do not stop feeding they could still acquire and transmit viruses. Therefore, an insecticide may also be able to reduce virus transmission by causing the insects to stop feeding during the acquisition and latent periods. Imidacloprid has been shown to reduce the transmission of TYLCV (Ahmed et al. 2001 ). Cyantraniliprole has also been shown to reduce viral and bacterial diseases transmitted by several Hemipteran species, including whiteßies, aphids, and psyllids and non-Hemipteran insects (Castle et al. 2009; Stansly and Kostyk 2010; Kennedy 2011, 2013a,b; Govindappa et al. 2013) .
Honeydew production is one way to determine insect feeding. Previous research has shown that imidacloprid reduces the amount of honeydew production by B. tabaci adults (Nauen et al. 1998 , He et al. 2011 . Different studies have shown that cyantraniliprole reduces feeding of B. tabaci nymphs (Cameron et al. 2013) , thrip adults Kennedy 2011, 2013a) , and aphids (Jacobson and Kennedy 2013b) . The previous study indicated that B. tabaci nymphs feeding on a plant treated with cyantraniliprole OD had a signiÞcant reduction of feeding when compared with nymphs feeding on plants treated with imidacloprid or spirotetramat (Cameron et al. 2013 ). This research demonstrates that cyantraniliprole also reduces feeding of B. tabaci adults equal to or better than imidacloprid. The rapid feeding cessation can be explained by the mode of action of cyantraniliprole, which works by selectively activating the ryanodine receptor in insect muscles, resulting in uncontrolled depletion of internal calcium, impairing further muscle contraction (Sattelle et al. 2008) . Neonicotinoid insecticides such as imidacloprid are extensively used in the southeastern United States to manage whiteßies and TYLCV (Srinivasan et al. 2012) . With the recent documented resistance of B. tabaci to neonicotinoid insecticides in Florida and Georgia Spurgeon 2008, Schuster et al. 2010 ), cyantraniliprole will become a most needed tool for growers to manage whiteßies and virus infections.
Previous research has shown a reduction of tomato spotted wilt virus (TSWV Family and Genus) transmission by Frankliniella fusca (Hinds) in peppers when the plants were treated systemically with cyantraniliprole Kennedy 2011, 2013a) . The authors of these studies indicated that anti-feedant effects were responsible for the decreased transmission of TSWV by F. fusca because cyantraniliprole caused a Means within a column with the same letter are not statistically different with a TukeyÕs criterion P Ͻ 0.05. Cyantraniliprole OD  10  186  16a  38a  75a  95a  Cyantraniliprole SE  10  157  13a  41a  63a  94a  Imidacloprid  11  167  2b  8b  39b  74b  Untreated  11  190  1b  1c  1c  1c Means within a column with the same letter are not statistically different with a TukeyÕs criterion P Ͻ 0.05. signiÞcant reduction in feeding injury without a corresponding increase in thrips mortality. Therefore, it is clear that in addition to the direct mortality of insect vectors, the reduction in feeding may play a crucial role in preventing disease transmission and should be evaluated for all insecticides used for managing insect vectors.
